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Abstract
Parathyroid hormone (1–34, PTH) combined β-tricalcium phosphate (β-TCP) achieves stable bone regeneration without 
cell transplantation in previous studies. Recently, with the development of tissue engineering slow release technology, PTH 
used locally to promote bone defect healing become possible. This study by virtue of collagen with a combination of drugs 
and has a slow release properties, and investigated bone regeneration by β-TCP/collagen (β-TCP/COL) with the single local 
administration of PTH. After the creation of a rodent critical-sized femoral metaphyseal bone defect, β-TCP/COL was pre-
pared by mixing sieved granules of β-TCP and atelocollagen for medical use, then β-TCP/COL with dripped PTH solution 
(1.0 µg) was implanted into the defect of OVX rats until death at 4 and 8 weeks. The defected area in distal femurs of rats 
was harvested for evaluation by histology, micro-CT, and biomechanics. The results of our study show that single-dose local 
administration of PTH combined local usage of β-TCP/COL can increase the healing of defects in OVX rats. Furthermore, 
treatments with single-dose local administration of PTH and β-TCP/COL showed a stronger effect on accelerating the local 
bone formation than β-TCP/COL used alone. The results from our study demonstrate that combination of single-dose local 
administration of PTH and β-TCP/COL had an additive effect on local bone formation in osteoporosis rats.
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Introduction

Osteoporosis, the most common bone disease characterized 
by microarchitectural deterioration, low bone mass, and 
bone fragility leading to an increased risk of fractures, has 
become a major health problem worldwide [1–3]. Although 
an age-related decline in bone mineral density (BMD) is 
observed in both men and women, a greater loss is observed 
in postmenopausal women [4]. In the US, ~ 9 million women 
are currently diagnosed with osteoporosis and this number 

is expected to surpass 10 million by 2020 [5]. The incidence 
of postmenopausal osteoporosis is growing due to changing 
demographics and increasing life expectancy. According to 
previous researches, osteoporotic bone shows a prolonged 
and impaired healing process compared with normal bone 
[6, 7]. β-tricalcium phosphate (β-TCP) is frequently used for 
clinical treatment, it is free of imperfections of many bio-
genic repairing materials and possessed of good function as 
a filler and support and of good bone conduction, but it does 
not have good osteoinductivity especially for osteoporotic 
condition [8].

To shorten healing time and improve callus quality in 
osteoporotic animals, various anti-resorptive or anabolic 
drugs have been investigated to inhibit excessive bone 
resorption or promote new bone formation during defects 
healing, such as bisphosphonates (BPs), and intermittently 
administered human parathyroid hormone (PTH) [9–11]. 
However, excessive inhibition of osteoclasts by anticata-
bolic agents might lead to delayed bone remodeling at the 
late healing period. PTH is an important physiological 
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regulator of mineral homeostasis and has bone anabolic and 
catabolic actions. When administered intermittently, PTH 
induces substantial increases in osteoblast surface, osteoid 
surface, and osteoid volume in animals [10, 12]. Intermit-
tently administered parathyroid hormone has been the only 
anabolic drug that could promote defects healing in osteo-
porotic subjects [13, 14]. Our previous researches have dem-
onstrated that the combination of PTH and β-TCP brings 
better effect to bone tissue repair in osteoporosis status [13, 
14]. Further researches show that local incorporated of PTH 
can accelerate bone formation and osseointegration [15].

All the evidences above consolidate the notion that β-TCP 
and PTH represents a promising therapeutic approach for 
the treatment of osteoporotic defect induced by postmeno-
pause. However, little is known about the effect of combined 
treatment with local administration of PTH and β-TCP/COL 
composite on osteoporotic defect in bone loss induced by 
ovariectomized (OVX). Thus, we hypothesized that com-
bined treatment with local administration of PTH and 
β-TCP/COL composite treatment would enhance healing of 
metaphyseal defects in OVX rats via enhanced stimulation 
of bone formation and significantly better than the effect 
of using β-TCP/COL composite alone. The purpose of this 
study is to observe the effects of combined treatment with 
local administration of PTH and β-TCP/COL composite on 
defect healing in OVX rats.

Materials and methods

Animals

Seventy female Sprague–Dawley (SD) rats (3 months old) 
with an average weight of 230 g were included in this study. 
Every four animals were kept in one cage with climate-
controlled conditions (25 °C; 55% humidity; 12 h of light 
alternating with 12 h of darkness). Free access to standard 
laboratory diet and tap water were permitted. Principles of 
laboratory animal care were followed, and the study protocol 
was approved by the Animal Research Committee of the 
university.

Preparation of β‑TCP/COL composite

β-TCP/COL composite was prepared based on the proce-
dures described by Mahmoud et al. [16]. At first, collagen 
(Sigma-Aldrich, St. Louis, MO, USA) suspension was pre-
pared in aqueous alkali solution (pH 12) at room tempera-
ture. Then β-TCP(Olympus Terumo Biomaterials, Tokyo, 
Japan) powder was slowly added into the collagen suspen-
sion (2:1) while stirring, after a homogenous suspension was 
formed, the glutaraldehyde solution was added as a cross-
linking agent. The mixture froze in a refrigerator for 5 h 

at – 40 °C. Porous composites were obtained after further 
lyophilization.

Surgery and treatment

After bilateral ovariectomy (N = 65) or sham operation 
(N = 5) according to previous reports [17, 18], 12 weeks 
were allowed to pass before defect surgery for the estab-
lishment of standard osteoporotic animal models. Each five 
randomly selected OVX rats and the five sham-operated 
ones were euthanized. The distal femurs were harvested 
for bone mineral density (BMD) evaluation to confirm the 
establishment of osteoporosis. Afterwards, femoral cylin-
drical defects were created from anterior to posterior direc-
tion in the distal femur, which were standardized at 3 mm 
in diameter, penetrated internal and external about 5 mm 
in length under generous irrigation with NaCl 0.9%, and 
lay above the distal epiphyseal growth plate as previously 
described [13, 19], then all animals were randomly divided 
into three groups, control group(CON), β-TCP/COL com-
posite group(TPC) and local administration of PTH and 
β-TCP/COL composite group(PTPC); The defects from 
group TPC and PTPC were filled with β-TCP/collagene 
composite material, and the defects from group PTPC were 
dripped 1.0 µg PTH solution. The subcutaneous and skin 
layers were closed, using resorbable polyglactin (Vicryl, 
4-0; Ethicon, USA) and resorbable monocryl (4-0; Ethicon, 
USA) sutures, respectively. 800,000 IU penicillin sodium 
(North China Pharmaceutical Group Corporation, China) 
was injected intramuscularly before and after operation for 
3 days to prevent infection. The retrieval procedure was per-
formed at 28 and 56 days (10 rats at each time point), when 
the animals were sacrificed using an overdose of barbiturate 
(Mebumal, ACO L € akemedel AB, Solna, Sweden). For the 
subsequent analytical technique at 28 and 56 days, the skin 
was carefully reopened and the bone defect site with the 
overlying membrane and soft tissue were harvested en bloc 
and preserved in formalin.

Micro‑CT evaluation

The samples were fixed in 4% formaldehyde for 24 h at room 
temperature. A Micro-CT imaging system (μCT 50, Scanco 
Medical AG, Bassersdorf, Switzerland) was used to evalu-
ate new bone formation within the defect region. All samples 
were placed in a custom-made holder to ensure that the long 
axis of the drilled channel was oriented perpendicular to the 
axis of X-ray beam. Scanning was performed at 55 kV and 
114 μA with a thickness of 0.048 mm per slice in medium 
resolution mode, 1024 reconstruction matrix, and 200 ms 
integration time. For detection of trabecular bone filling the 
defect, segmentation parameters were set to sigma: 0.8 voxels, 
support: 1, and threshold: 3.08 cm−1. For analysis of the bone 
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regeneration process within the defect, the central 2.5-mm-
diameter region of the 3-mm-diameter defect and in the middle 
third in length was defined by drawing circular contour as area 
of measurement per slice, thus to obtain a consistent volume of 
interest (VOI) and to avoid including the native bone margins. 
The parameters comput0ed from these data included bone vol-
ume/tissue volume (BV/TV), trabecular thickness (Tb.Th), tra-
becular number (Tb.N), and trabecular separation (Tb.Sp) as 
previously described [20].

Biomechanical testing

Compression testing of the distal femoral metaphysis was 
conducted as previously described [21]. The end of the dorsal 
distal femur (both condyles) was placed in a 5 mm wide and 
2 mm-deep notch of an aluminum alloy base, which was fixed 
to the mechanical testing system (MTS Landmark Systems, 
USA). This position resulted in stable three-point contact with 
the base so that the femur could not slip during the breaking 
test. A 1 N preload was applied to the ventral aspect of the con-
dyles and then compressed until failure at a rate of 2 mm/min. 
The ultimate load at failure was determined as the strength of 
the condyles.

Histological examination

At every time point after X-ray analysis, the bones were fixed 
in 4% paraformaldehyde/PBS overnight at 4 °C, and then 
immediately decalcified with formic acid for 48 h. Decalcified 
specimens were dehydrated in an ethanol series (80, 85, 80, 
90, 95, and 100%), embedded in paraffin, and cut into 5-mm 
thick sections in the middle third in length of the distal femo-
ral metaphysis, stained with hematoxylin and eosin (HE) and 
evaluated qualitatively by light microscopy (Zeiss Aixoplan 
with Spot RT digital camera, Zeiss, German). The image was 
quantitatively analyzed by Image Pro Plus Software (Media 
Cybernetics, Silver Spring, MD).

Statistical analysis

Data were expressed as mean ± standard deviation (SD). Sta-
tistical analyses were performed using the statistics package 
SPSS 19.0 (SPSS, Chicago, IL, USA). Multiple comparisons 
between groups were carried out using one-way ANOVA 
and Tukey’s post hoc test. The significance level of 0.05 was 
applied for all analyses.

Results

Clinical observation

Five rats in total were excluded from analysis due to anes-
thetic accident, infection, and there were 5 animals left for 
evaluation in each group at each observation time. The BMD 
of the tibial metaphysic was measured in vivo by dual-energy 
X-ray absorptiometry (Lunar Prodigy Advance, GE Lunar, 
Madison, WI, USA). The BMD of the tibial metaphysis 
from the Sham and OVX groups was 231.67 ± 30.14 (mg/
cm2) and 165.30 ± 27.65 (mg/cm2). In quantitative analysis, 
the BMD of the tibial metaphysis from sham-operated rats 
were 28.5% higher than those of OVX rats (t test, P < 0.05). 
These results confirmed the establishment of osteoporosis 
in OVX rats.

Microstructure parameters

The images of the three-dimensional reconstructions of the 
trabecular in the defects were clearly shown in Fig. 1 and 
the quantitative results were expressed as BV/TV, Tb.Th, 
Tb.N and Tb.Sp (Fig. 2). After treatment with PTH and 
β-TCP/collagene composite for 4 and 8 weeks, the micro-
architecture parameters BV/TV, Tb.Th, Tb.N were signifi-
cantly lower, and the microarchitecture parameters Tb.Sp 
were significantly higher than the control group (P < 0.05), 
and notable difference in BV/TV, Tb.Th, Tb.N and Tb.Sp 
was observed between group TPC and PTPC (P < 0.05). 
Moreover, PTH plus β-TCP/collagene composite treatment 
presented the strongest effect on BV/TV, Tb.Th, Tb.N and 
Tb.Sp regardless of treatment groups.

Biomechanical test

Results of biomechanical test of femoral condyles were 
expressed as ultimate load (Fig. 3). After treatment for 4 
and 8 weeks, the biomechanical strength increased with 
time in all groups. At each observation time, the strong-
est effects on strength of femoral condyles were observed 
in the PTPC group. After treatment with PTH and β-TCP/
collagene composite for 4 and 8 weeks, the ultimate load of 
CON, TPC and PTPC groups were significantly increased 
by 1.70-, 1.58- and 1.52-fold, and significant was observed 
among three groups (P < 0.05).

Histology analysis

At 4 and 8 weeks postsurgery, defects were filled with a 
thin, loose connective tissue with minimal new bone forma-
tion and much fatty marrow from group CON. At 4 weeks 
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postsurgery, the defect sites were filled with little new bone 
formation and a greater number of residual biomaterials par-
ticles from group TPC, and more new bone formation and 
less residual biomaterials particles at 8 weeks. At 8 weeks, 

defect sites exhibited more bone formation from the defect 
margin to the center than was observed at 4 weeks from 
group PTPC, and much biomaterials appear to be resorbed 
(Fig. 4).

Fig. 1   Conditions of repairing 
in defect was exhibited by 3D 
reconstruction in one side after 
euthanasia of each rat in three 
groups for 4 and 8 weeks. W 
weeks

Fig. 2   Quantitative results of 
micro-CT analysis expressed 
as BV/TV, TB.N, Tb.Sp, and 
Tb.Th. Data were expressed 
as mean ± SD; error bars in 
the figure are presented as 
SD, N = 5 specimens/group. 
*P < 0.05 versus CON group, 
#P < 0.05 versus TPC group (by 
one-way ANOVA and Tukey’s 
post hoc test)
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The percentage of remaining biomaterials and bone 
fill in the defects

The quantitative results were shown as the percentage of 
remaining biomaterials and bone fill in the defects (Fig. 5a, 
b). At 4 and 8 weeks, PTH decreased the percentage of 
remaining biomaterials from groups TPC and PTPC by 
1.09- and 1.5-fold, respectively (P < 0.05); for analysis of 
the percentage of bone fill in the defects, the percentages 
of bone fill from groups TPC and PTPC were significantly 
decreasing by 1.61- and 2.07-fold (P < 0.05) at 4 weeks, and 
by 1.52- and 2.14-fold at 8 weeks, respectively, as compared 
to group CON at the same time points.

Discussion

In this study, 12 weeks were allowed to pass for the estab-
lishment of standard osteoporotic animal models by bilat-
eral ovariectomy, and then we evaluated the bone-forming 
capacity of using β-TCP/COL composite and PTH on 
the distal femurs defect for 4 and 8 weeks; Histology and 
Micro-CT Analysis results showed combined application of 

Fig. 3   Biomechanical results expressed as ultimate load force. Data 
were expressed as mean ± SD; error bars in the figure are presented 
as SD, N  =  5 specimens/group. *P  <  0.05 versus CON group, 
#P < 0.05 versus TPC group (by one-way ANOVA and Tukey’s post 
hoc test)

Fig. 4   H & E staining revealed 
new bone matrix deposition 
within defects in the above 
mentioned groups (red arrow: 
biomaterials, yellow arrow: new 
bone, bar = 200 mm) (color 
figure online)

Fig. 5   a Result of the remain-
ing percentage of biomaterials 
by HE examination. b Result 
of bone fill in the defects by 
HE examination. Data were 
expressed as mean ± SD; error 
bars in the figure are presented 
as SD, N = 5 specimens/group. 
*P < 0.05 versus CON group, 
#P < 0.05 versus TPC group (by 
one-way ANOVA and Tukey’s 
post hoc test)
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single-dose local administration of PTH and β-TCP/COL 
composite showed stronger effects than β-TCP/COL com-
posite alone on bone formation in osteopenic rats, with the 
strongest effects on defect healing and callus formation, and 
microarchitecture as well as biomechanical parameters. PTH 
or β-TCP/collagene composite alone also increased defect 
healing compared to group control, although less than com-
bination therapy. Our findings regarding the effect on new 
bone formation in the critical-sized osseous defects indi-
cate that using a single-dose local administration of PTH 
together with β-TCP/COL composite would be promising 
as a method of achieving rapid and bone regeneration of 
osseous defects.

A marked increase in stochastic remodeling at menopause 
causes bone loss, severe deterioration of bone microarchitec-
ture, and reduction in bone quality. This is the most impor-
tant etiologic factor in the pathogenesis of postmenopausal 
osteoporosis. These increases in remodeling are associated 
with estrogen deprivation at menopause and are reversed 
by hormone replacement therapy [22]. Several previous 
studies have investigated the influence of osteoporosis on 
bone healing using ovariectomized rats as an experimen-
tal model; this is a well-studied method that simulates the 
changes in postmenopausal women, and needs an average 
of 3 months for the osteopenic condition to onset [13, 14, 
18, 23]. As expected, OVX resulted in a significant decrease 
in the tibial metaphysis BMD after 3 months. Femur meta-
physis was chosen as the defect site because it is a clinically 
relevant region representing a frequently fractured area in 
osteoporotic patients and after model is successfully devel-
oped parameters of all bones change and the change of femur 
is most obvious [24]. Because of this, femur is selected as 
experiment object.

The structure and mechanical properties of these mate-
rials used for the preparation of bone grafts should be sim-
ilar to those of natural bones, as well as must be biocom-
patible, osteoinductive, and osteoconductive [25]. Among 
the different kinds of calcium phosphate-based materials, 
hydroxyapatite and tricalcium phosphate have been widely 
explored for use as scaffolds in bone regeneration [26]. 
Due to long-term resorption, hydroxyapatite has limited 
use in bone tissue engineering, while tricalcium phosphate 
can form a porous structure and release calcium and phos-
phorus ions by rapid degradation, which contributes to 
osteogenic activity, and thus to new bone formation [27]. 
Collagen is the most abundant protein in the extracellular 
matrix and plays an important role in maintaining the bio-
logical and structural integrity of extracellular matrix and 
provides physical support to tissues. In addition, collagen 
offers low immunogenicity, a porous structure, permeabil-
ity, good biocompatibility, and biodegradability and has 
functions to regulate the morphology, adhesion, migra-
tion, and differentiation of cells [28, 29]. In recent years, 

a composite of synthetic β-TCP and collagene (β-TCP/Col) 
has been developed and β-TCP/Col significantly increases 
bone regeneration more than the implantation of β-TCP 
alone when implanted into a critical-sized calvarial defect 
rat model [30]. At 4 and 8 weeks, when bone regenera-
tion at the defects sites was assessed in the present study, 
β-TCP/Col produced stronger effects on defects healing 
than in control group rats, which seemed to suggest the 
additive effects of β-TCP/Col on bone formation in defects.

Perfect bone biomaterials are osteoconductive scaffold 
that promotes the attachment, migration and proliferation 
of host cells at the implanting site; osteoinductive pro-
teins or growth factors, which stimulate osteoprogenitor 
cells to differentiate into and synthesize mineralized bone 
matrix; and osteogenic cells that can synthesize bone tis-
sue [31]. β-TCP/Col is free of imperfections of many bio-
genic repairing materials and possessed of good function 
as a filler and support and of good bone conduction, but 
it does not have good osteoinductivity [26]. The anabolic 
drug PTH could increase bone remodeling with a greater 
effect on bone formation than bone resorption and lead 
to increased bone mass and improved bone microarchi-
tecture [32], and it has also been reported to enhance 
defects healing in both intact and ovariectomized (OVX) 
rats [33]. The total callus area was larger and the time of 
the earliest bridging was not delayed, callus and cortical 
density, biomechanical properties, rate of endosteal callus 
formation were higher compared with those measured in 
control group. The beneficial effect of intermittent PTH 
administration on osteoporotic defect healing has been 
demonstrated for enhanced cortical and cancellous bone 
formation by the early stimulation of proliferation and dif-
ferentiation of osteoprogenitor cells increasing production 
of bone matrix proteins [34–36]. Our previous studies have 
shown that systemic administration of PTH can signifi-
cantly improve β-TCP degradation and osteogenic ability, 
suggesting that PTH can be used as a drug to improve the 
ability of β-TCP bone induction [10, 14].

In the present study, we observed significant improve-
ments in osteoporotic femora defect following combina-
tion therapy with a single-dose local administration of 
PTH and β-TCP/Col. In adjunctive therapy with β-TCP/
Col, PTH enhanced the effects of β-TCP/Col by increasing 
bone mass, bone strength and bone formation at the defect 
region. Obvious significant improvements in biomechani-
cal or structural properties were observed with either single 
therapy of PTH or β-TCP/Col, or combination therapy. Why 
did the single-dose local administration of PTH treatment 
show a stronger effect on bone formation in defected area? 
Specific mechanism not yet known, it is mainly owing to the 
increase of local bone formation by PTH local function and 
the sustained PTH release from β-TCP/Col [15]. Thus, the 
present study has concluded that combination therapy has 
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obvious significant influence on osteoporotic defect and does 
enhance the osteogenesis effects of β-TCP/Col.

In summary, our study suggests that using a single-dose 
local administration of PTH together with β-TCP/collagene 
composite would be promising as a method of achieving 
rapid and bone regeneration of osseous defects.
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